) for 10 Be in the MCSM with a standard treatment of spurious center-of-mass motion show good agreement with experimental data. Some properties of low-lying states of 10 Be are studied in terms of quadrupole moments, E2 transitions and single-particle occupation numbers. The E2 transition probability of 10 C, the mirror nucleus of 10 Be, is also presented with a good agreement to experiment. The triaxial deformation of 10 Be and 10 C is discussed in terms of the B(E2) values. The removal of the spurious center-of-mass motion affects differently on various states: for instance, negligible effects on the 2 + 1 and 2 + 2 levels of 10 Be, while significant and favorable shift for the 1 − 1 level. It is suggested that the description of 12 Be needs a larger model space as well as some other higher excited states of 10 Be, as an indicator that these are dominated by intruder configurations. 
I. INTRODUCTION
One of the major goals in nuclear physics is to understand the structure and reactions of nuclei starting from realistic nuclear interactions. Besides the challenge of solving the nuclear many-body problem, this endeavor is complicated by the fact that our understanding of the nuclear force is not complete yet. At present, there are two ways to construct an accurate representation of nuclear force. One can construct a two-body potential phenomenologically by fitting experimental data on nucleonnucleon (NN ) scattering, as it is done in the Argonne V18 potential [1] , the CD-Bonn potential [2] and the Nijmegen potentials [3] . Alternatively, consistent two-and many-body interactions can be constructed in the framework of chiral effective field theory using the symmetries and the effective degrees of freedom of low-energy QCD as a guiding principle. The chiral N 3 LO potential is such an accurate charge-dependent nucleon-nucleon potential * liulang@pku.edu.cn constructed at fourth order of chiral perturbation theory [4] [5] [6] . By using these realistic nuclear interactions, ab initio nuclear many-body calculations have been performed in the last decade. In Green's Function Monte Carlo (GFMC) calculations the exact ground-state wave function is calculated by treating the many-body Green's functions in a Monte Carlo approach [7] [8] [9] . The GFMC calculations of light nuclei up to 12 C with the Argonne interaction reproduce the experimental nuclear binding energies and radii as well as the spectra. Another ab initio approach for nuclei up to A=14 is the No-Core Shell Model (NCSM) [10] [11] [12] . All nucleons are treated in a large number of shell-model basis, providing similarly successful description of light nuclei.
However, the straightforward application of those realistic interactions in nuclear many-body calculations is still difficult due to the strong short-range repulsion which generates strong correlations in the nuclear manybody state. The Unitary Correlation Operator Method (UCOM) is one of the methods to tackle this problem by introducing a unitary transformation such that the transformed many-body states contain the information on the dominant correlations in nuclear many-body system [13] [14] [15] . In the UCOM approach two unitary transformation operators are defined, a central correlation operator and a tensor correlation operator, which correspond to two most important correlations: the central correlations induced by the strong short-range repulsion and the tensor correlations, respectively. Through a unitary transformation of the Hamiltonian, a soft phase-shift equivalent two-nucleon interaction can be obtained. This UCOM potential can be used in various kinds of many-body calculations, such as no-core shell model calculations [16] [17] [18] [19] .
In the shell model calculations, the direct diagonalization of the Hamiltonian matrix in the full valence-nucleon Hilbert space is difficult, as the dimension of such a space becomes larger and larger when one moves from light nuclei to heavier nuclei. Much effort of truncation frameworks to full shell-model calculation has been directed, e.g. in Refs [16, 20, 21] . As another way to overcome this difficulty, the stochastic approaches have been introduced. Among them, the Shell Model Monte Carlo (SMMC) method has been successfully proposed [22] . Nevertheless, the SMMC is basically suitable for the ground state and thermal properties, and suffers from the so-called "sign problem". As a completely different approach, the Quantum Monte Carlo Diagonalization (QMCD) method has been proposed for solving quantum many-body systems with a two-body interaction [23] [24] [25] [26] . The QMCD can describe not only the ground state but also excited states, including their energies, wave functions and hence transition matrix elements.Thus, on the basis of the QMCD method, the Monte Carlo Shell Model (MCSM) has been introduced [27] for nuclear shell model calculations [28] [29] [30] [31] [32] . An extrapolation method in the Monte Carlo Shell Model has been proposed very recently [33] . The applicability of the MCSM to a system beyond the current limit of exact diagonalization is shown for the pf + g 9/2 -shell calculation by assuming a core in their work. It is then of a certain importance and interest to apply the MCSM to ab initio calculations of light nuclei. As the MCSM has never been used in ab initio calculations, we start with straightforward calculations by taking conventional MCSM method and code which have been used for many shell-model calculations for medium-mass nuclei. We shall present, in this paper, how such ab initio calculations work. We note that the MCSM method is being revised in parallel, and outlines of such revisions and future directions can be found in Refs. [34, 35] . The results to be shown in this paper will play a key role in judging as to whether one should move ahead to more systematic calculations with the revised method or not.
The MCSM calculation is performed without a core to make it ab initio. In Section 2, we will introduce the theoretical framework of the MCSM and explain the general procedure of the Monte Carlo Shell Model method. 4 He, which is investigated in the framework of the shell model and the MCSM by using the UCOM potential, is discussed in Section 3 as the numerical check. Study of structure and low lying spectra for Beryllium isotopes appears in Section 4. In Section 5, the conclusion with a summary and description of future direction for research in this field is given.
II. MONTE CARLO SHELL MODEL CALCULATION
The main idea of the MCSM is to diagonalize the Hamiltonian in a subspace spanned by the MCSM basis states, which are generated in a stochastic way.
We begin with the imaginary-time evolution operator
where H is a given general (time-independent) Hamiltonian and β ∝ T −1 is a real number with T being analogous to a temperature. If this operator in Eq. (1) acts on a state |Ψ (0) , one obtains
where E i is the i-th eigenvalue of H, |ψ i is the corresponding eigenstate and c i its amplitude in the initial state:
For β large enough, only the ground and low-lying states survive. But the actual handling is very complicated for H containing a two-body (or many-body) interaction. The Hubbard-Stratonovich (HS) transformation [36, 37] can be used to ease the difficulty mentioned above. We then move to the formula
where h(σ) is a one-body Hamiltonian obtained through the HS-transformation and σ is a set of random numbers (auxiliary fields [27] . During the MCSM generation of the basis vectors, symmetries, e.g. rotational and parity symmetry, are restored before the diagonalization as more basis vectors are included. All MCSM basis states are projected onto good parity and angular momentum quantum numbers by acting with the corresponding projection operators. We diagonalize the Hamiltonian in a subspace spanned by those projected basis vectors. The number of the MCSM basis states is referred to as the MCSM dimension. The basis generation process for general cases is outlined in Ref. [27] .
As more than one major shell is included in the MCSM calculation, the spurious center-of-mass motion must be accounted for. The Lawson's prescription is adopted to suppress the spurious center-of-mass motion in good approximation for major shell truncation [38] . The total Hamiltonian then consists of intrinsic and center-of-mass parts as,
where H int. is the intrinsic Hamiltonian. The H c.m. is defined by
where R and P are the coordinate and momentum of the center of mass, respectively. In general, by taking sufficiently large values of β c.m. , spurious components are suppressed for the low-lying eigenstates of H ′ .
III. RESULTS FOR 4 He
In this section we discuss the interactions and model spaces used for the no-core MCSM and provide some benchmark calculations for the 4 He ground state. The model space of the MCSM is spanned by a harmonic oscillator basis truncated with respect to the unperturbed single-particle energies e max = 2n + l. We use UCOMtransformed realistic two-nucleon interactions as input potential. In addition to the standard UCOM interaction derived from the Argonne V18 potential, which has been used in a series of applications in various many-body methods [15] , we adopt a new UCOM potential based on the chiral N 3 LO two-nucleon interaction of Entem and Machleidt [4, 6] . These UCOM potentials are labeled as V UCOM (AV18) and V UCOM (N 3 LO), respectively. In both cases the UCOM correlation functions are determined through an energy minimization in the two-nucleon system with a constraint on the range of the even spin-triplet tensor correlator [15] . We neglect Coulomb interaction in all of our calculations throughout this work for simplicity.
As an example of the UCOM potential, we perform a straightforward shell model diagonalization within a harmonic oscillator basis without a core. In this shell model calculation, we employ the NuShell code developed by B.A. Brown et al. [39] and use the V UCOM (N 3 LO) potential.
The ground-state energy for 4 He as a function of the harmonic oscillator frequency ω in various model spaces characterized by the oscillator basis cut off parameter e max , is shown in Fig. 1 . The shell-model description of many-body correlations depends in general on the size of the model space. The experimental value is shown as a black line. The ground-state energy for small model spaces, e.g., e max =2, shows a sizable dependence on ω. By increasing the size of the model space, the groundstate energy is lowered and dependence on ω is reduced. The ground-state energy varies by about 1 MeV for a range of oscillator frequencies ω from 24 MeV to 52 MeV. There is still about 1 MeV difference between the e max =5 result at ω=32 MeV and the experimental ground-state energy. Evidently, still larger values of e max are needed to reproduce the experimental binding energy of 4 He, which the V UCOM (N 3 LO) interaction is approximately adjusted to. At present, the conventional shell model calculation is performed only up to e max = 5 model space due to the limitation of Nushell code. However, the convergence is significantly better than for the bare realistic nucleon-nucleon potential. The comparison between bare interaction and the UCOM interaction in the shell model calculation for 4 He can be found in Ref. [40] .
We now compare the full shell-model and the MCSM results for the ground-state energy of 4 He using the V UCOM (AV18) potential. Figure 2 shows the ground- state energy for 4 He for both calculations as a function of the oscillator frequency ω in small model spaces (e max =1, 2 and 3). The MCSM results obtained with 32∼50 MCSM dimensions are in reasonable agreement with the results from a full diagonalization in these model spaces.
The treatment of spurious center-of-mass motion of 4 He is illustrated in Fig. 3 . Figure 3 shows the dependence of the expectation value of H c.m. and the groundstate energy (inset) obtained with Lawson's prescription parameter β c.m. in the e max =1, 2 and 3 model spaces. The expectation value of H c.m. decreases rapidly and reaches a converged small value. In this way, the spurious center-of-mass motion can be suppressed to a large extent by choosing a suitable β c.m. value.
IV. LOW LYING SPECTRA OF
10 Be AND 12 Be
The 10 Be nucleus is a good candidate for testing ab initio calculations employing realistic nuclear interactions, as there are adequate experimental data both in the ground state and in the excited states, e.g., excitation energies of two J π =2 + , T =1 states and the B(E2) value of those states to the ground state. The AMD calculations of Be isotopes [41] , the GFMC approach [7, 8] and the NCSM [11, 42] have been used to investigate p-shell nuclei like 10 Be and to reproduce features such as binding energies and excitation spectra. This work is a new attempt to investigate these states by applying the nocore MCSM with realistic nuclear interactions. In this section, we present MCSM results for 10 Be and 12 Be. We discuss MCSM calculations using V UCOM (N 3 LO) potential in an e max =3 model space. For the beryllium isotopes, the ground-state energies exhibit a minimum for oscillator frequencies ω around 16.0 MeV in the conven- tional shell model calculation [43] . We use bare charges, hence the electric quadrupole moment is equal to the proton quadrupole moment.
For a more precise investigation, we have to remove spurious components with respect to the center-of-mass motion, if they are mixed in calculated eigenfunctions. As discussed earlier, we use Lawson's prescription with a suitably chosen β c.m. in eq. (5). We shall use β c.m. · ω/A = 10 MeV hereafter, unless otherwise specified. The same value has been taken in many MCSM calculations (not of ab initio type), e.g., [29] .
The convergence of low-lying excitation energies as a function of the MCSM dimension has to be examined, as our goal is to investigate the excitation spectra. Figure 4 (a) shows the excitation energies of the 2 The relative accuracy of these excitation energies is ∼ 0.3% for 2 + states and ∼ 0.7% for 0 + 2 state. In the MCSM calculation, the diagonalization is performed in a subspace comprised of 25 to 50 optimally generated basis states. The size (dimension) of this subspace is quite small compared to that of the entire Hilbert space taken in the direct diagonalization in the conventional shell model. This advantage will be even more obvious for heavier nuclei by the fact that the full diagonalization in e max = 3 is hardly feasible with other calculational techniques available presently. states as functions of the MCSM dimension. One sees steady improvements of these energies, particularly for the dimension greater than 30. The energies appear to become converged to a rather good extent. Figure 4 (b) shows that the ground-state energy becomes about -35 MeV for dimensions large enough. This is still far from the experimental value ∼ -65 MeV. After the Coulomb correction ∼ 5 MeV, the difference is ∼ 35 MeV, which is in part due to the choice of the interaction where threebody forces are missing. The model space and the convergence also contribute to the discrepancy. Such problems are important issues in present and future MCSM projects. On the other hand, the present calculation appears to be rather reasonable for excitation energies as shown later, and we use the V UCOM (N 3 LO) potential in this first attempt.
We now discuss properties of the 0 10 Be has a negative quadrupole moment for the 2 + 1 state. In contrast, the 2 + 2 state shows a positive quadrupole moment. These features are also predicted in Ref. [1] . We note that the protons have stronger deformation than neutrons in both states of 10 Be, because there are two valence protons and four valence neutrons in the p-shell in major configurations, and the former produce stronger deformation than the latter.
The B(E2) values from the 2 + 1,2 states to the ground state of 10 Be are shown in Table I , in comparison to results by NCSM [11, 44] , GFMC [44] , and AMD [41] . The present result is rather similar to the CDB2k NCSM results among those shown in this table.
Some B(E2) values are calculated also for the mirror nucleus, 10 C, in the isospin formalism, as shown in Table II . This table indicates that MCSM value of B(E2; 2
) appears to be in rather good agreement with the corresponding experimental data [44, 45] for both 10 Be and 10 C. This is of certain importance because from the viewpoint of the liquid-drop model, B(E2) value is proportional to Z 2 , and thereby the value of 10 C is expected to be larger than the corresponding one of 10 Be, by a factor of 6 2 /4 2 in a naive expectation. While we take only bare charge (e p = e and e n = 0 with e being the unit charge), we can still produce almost the same values of B(E2; 2
) of 10 Be and 10 C. This is because although there are two more protons in 10 C than in 10 Be, they do not necessarily increase quadrupole deformation, partly due to the 0p 3/2 closed-shell formation. We note that the B(E2; 2 [44] . The present value, 9.3 e 2 fm 4 , appears to be the closest to the observed value.
The MCSM value of the spectroscopic quadrupole moment of the 2 + 1 state of 10 C is obtained also from Fig. 6  as 3 .04 e fm 2 by exchanging proton and neutron. The nuclei 10 C and 10 Be belong to the same isospin multiplet of T =1. In the notation of Timmer [47] , which makes direct use of the isospin formalism, one may write the E2 strength as
where the e p and e n are the effective charges being e p = e and e n = 0 in the present work. The reduced isoscalar and isovector matrix elements S and V must either be determined from experiment or be calculated with the help of suitable model wave functions. In Ref. [48] , the B(E2) value is proportional to [3.
The B(E2) value of 10 C should then be smaller than that in 10 Be, as T z = −1 for 10 C and T z = 1 for 10 Be. Assuming that the 0 
where Q is spectroscopic quadrupole moment, K stands for the K quantum number, and I is the angular momentum of a member of the rotational band. The intrinsic quadrupole moment evaluated by the spectroscopic quadrupole moment is 20.5 e fm 2 , which is consistent to the one (21.6 e fm 2 ) extracted from the B(E2; 2 • in the Davidov-Fillipov model [50] . Thus, the present results are of interest in view of nuclear shapes, although it may be an open question as to whether the classical picture of shapes can make sense in such light nuclei. It has been discussed in [51] that 10 Be is triaxially deformed in a molecular-orbit calculation. [11, 44] , GFMC with AV18 potential and AV18 plus different three-body forces [44] , AMD [41] , present MCSM, and experimental [44, 45] But one has to be careful, as this property holds for the proton part. As the proton part and the neutron part are exchanged between the mirror nuclei 10 Be and 10 C, it can be stated that the part consisting of four protons in 10 Be tends to be deformed rather strongly in a prolate shape and the rest part (six neutrons) tends to be deformed in a triaxial shape, and the situation is just reversed in 10 C. The deformation here may be static, dynamic, in between, or even molecular [51] . Such a difference between proton and neutron sectors is quite intriguing, and experimental investigations on these theoretical findings are of much interest. Figure 5 shows the 2 + 1,2 levels calculated in two ways (a) with center-of-mass motion suppression (default setup in this paper as stated already) and (b) without it for the sake of comparison. It is found that the suppression of the spurious center-of-mass motion keeps the excitation energies of the 2 + 1 and 2 + 2 states almost unchanged. It seems that the suppression of the c.m. motion is not so relevant to these states.
On the other hand, the c.m. motion suppression is essential to the 0 Fig. 5 are lying quite high compared to the experiment. These states are expected to be intruder states with a large amount of 2p2h and higher excitations from the p-shell. The e max =3 space is considered to contain the major configurations of such intruder states, but a somewhat larger space is needed to stabilize those configurations by coupling to even higher configurations.
According to the adequacy of the e max =3 space, the states being discussed are divided into two groups : (i) 0 also with wider model space. Figure 8 indicates occupation numbers of singleparticle orbits for the ground and some low-lying states of 10 Be. Left side is for the results without the c.m. motion suppression, whereas right side is for those with it (default setup of this work). We begin with the group (i), for which left and right sides do not show much difference. This is consistent with almost unchanged level energies of 2 + 1,2 between the two corresponding calculations, as depicted in Fig. 5 . Figure 8 shows that protons and neutrons are mainly in the 0s and 0p orbits. The occupation number of the 0s 1/2 orbit is about 1.8 for both protons and neutrons. This value is remarkably constant for the three states in the group (i), and changes very little between proton and neutron. This means that the 0s 1/2 orbit is occupied by ∼90 % probability for both proton and neutron.
If the 0s 1/2 orbit is fully occupied, the 4 He core is ideally formed. The present result suggests that the probability of the 4 He-core formation is about (0.9) 4 ∼ 2/3. The breaking of the 4 He core is nothing but the polarization of the core, which yields effective charges in the shell model with a core. In the present calculation, this effect is explicitly treated, producing the right amount of B(E2) values as discussed above. The UCOM transformations act on short-range part of relative-motion wave functions. Electromagnetic operator at long wave length limit is then expected to be unaffected to a large extent. Thus, we use bare charges and E2 operator, for simplicity.
The occupation number of the sd shell turned out to be about 0.7 for protons and neutrons combined, which corresponds approximately to the number of nucleons excited from the 4 He core. More precise studies on the process of effective charges will be of much interest.
For the group (ii) (0 + 2 and 2 + 3 states), the occupation numbers do change substantially between left and right sides of Fig. 8 . This is consistent with the changes of their excitation energies shown in Fig. 5 .
The MCSM results for 10 Be low-lying spectra can be compared with those of NCSM in Ref. [11] . Although the NCSM calculation does not use the same potential, the MCSM calculation shows similar results with the NCSM calculation for the 2 + 1 and 2 + 2 state. More results of the NCSM are listed and discussed in Ref. [11] for further comparison. The NCSM approach may have some difficulty for similar calculations because the full sd shell configurations cannot be included at 8 ω truncation, for instance. In the present MCSM, the sd configurations are fully included.
As we know from the experimental data, the 2 + 1 state of 12 Be has a lower excitation energy than the 2 + 1 state of 10 Be. This is interpreted as a phenomenon related to the evolution of the magic number in exotic nuclei. However, the present MCSM results in an e max =3 model space do not show this feature as can be seen in Fig. 9 . The suppression of spurious c.m. motion may make the discrepancy to experiment larger. We definitely need a larger model space, and it is not tractable presently.
V. SUMMARY
For the first time, we have applied the no-core MCSM with realistic UCOM-transformed interactions to the investigation of structure of 10 ) value is sizable, being consistent with a modest triaxial deformation. The triaxial deformation is predicted to be more developed in 10 C, providing intriguing issues on the mirror nuclei 10 Be and 10 C to be further investigated.
The MCSM calculation presented here were performed in model spaces up to e max =3. Additional results, e.g. for 10 Be in e max =2, can be found in Ref. [43] . Although the ground-state energy of 10 Be is changed by about 10 MeV when going from e max =2 to e max =3, other observables turn out to be more stable already for the e max =3 model space. Thus, while the use of larger model spaces in the MCSM is certainly interesting and resultant changes will be evaluated in future, excitation energies and transition matrix elements look converged to a certain extent.
